INTRODUCTION
S pectral imaging is an interdisciplinary approach encompassing chemistry, physics, and engineering. It is used to visualize the chemical composition of materials and is a window into phenomena ranging from metabolism in the human brain to formation of the stars. In contrast to a typical image, which is collected over the entire wavelength response of a detector, a spectral image is recorded over a narrow wavelength range. A spectral image reveals the broad trends as well as the ® ner details of morphology and composition for a given system. Some of the earliest spectral images date back to the 1890s, when Hale and Deslandres (see Refs. 1 and 2) independently invented the spectroheliograph, which could be used to photograph the sun over small wavelength intervals. Modern approaches may have grown more sophisticated, but the heart of spectral imaging has remained the integration of spatial and spectral information.
In this article we concentrate on one approach, infrared (IR) spectral imaging, which extends over many disciplines and application areas. IR spectral imaging is a technique ideally suited for studying the chemical nature of complex, heterogeneous systems on scales from kilometers to micrometers. Indeed, much of the instrumentation, as well as data reduction and analysis in IR spectral imaging, is independent of physical scale. We draw on a number of examples in remote sensing, astrono-my, chemistry, and medicine to introduce the basic concepts of IR spectral imaging as well as to highlight the interdisciplinary nature of this ® eld. Finally, it should be mentioned that many of the ideas and techniques that we describe are encountered in other spectral imaging approaches, especially those based on optical techniques.
Spectral imaging in the IR was ® rst developed for remote sensing (including military use) and astronomical applications and, more recently, has been adopted by spectroscopists in laboratory and industrial settings. Many of the underlying techniques and concepts are common to all areas of IR spectral imaging, though some of the nomenclature may differ. For example, the convention in remote sensing and astronomy is to use m m rather than cm 2 1 as the unit of measure in the IR. In addition, the designation of spectral ranges varies with the application. The common practice in remote sensing is to designate near, short wave, medium wave, long wave, and very long wave (or far) infrared ranges (approximate ranges: NIR, 0.78± 1 m m/12 800± 10 000 cm 2 1 ; SWIR, 1± 3 m m/10 000± 3500 cm 2 1 ; MWIR, 3± 6 m m/3500± 1700 cm 2 1 ; LWIR, 6± 15 m m/1700± 650 cm 2 1 ; VLIR 15± 200 m m/650± 50 cm 2 1 , respectively). In astronomy and laboratory IR spectroscopy, on the other hand, it is customary to label ranges in the NIR (1± 3 m m/ 10 000± 3500 cm 2 1 ), mid-IR (3± 30 m m/3500± 350 cm 2 1 ), and far-IR (30± 200 m m/350± 50 cm 2 1 ). A slight conceptual shift is also required when spatial information is combined with spectral characterizations. Spectral images recorded over contiguous spectral bands form a three-dimensional block of data, also known as an``image cube'' , that spans one wavelength and two spatial dimensions, as illustrated in Fig.  1 . The image cube can be seen as a series of wavelength-resolved images or, alternatively, as a series of spatially resolved spectra, one for each point on the image. The spectroscopic resolution is de® ned, in part, by the number of wavelength elements, otherwise known as bands or channels, that are monitored over a given spectral range.
Depending on the number of monitored bands, an imaging system may be referred to as multispectral or hyperspectral (more recently the term ultraspectral has also been introduced to indicate even higher data densities), but the distinction among these terms is not clearly de® ned. A multispectral system measures radiation over several wavelength ranges that do not necessarily overlap, using ® lters that have passbands spanning tens to hundreds of cm 2 1 . In cases where the monitored spectral ranges are broad, the resulting images reveal the chemical composition of the system at a rudimentary level. For example, it may be possible to distinguish between land and water in a particular scene, but not among various types of vegetation. As the wavenumber range is narrowed, however, multispectral imagers can yield more speci® c information because a given wavelength interval can be correlated to a particular chemical component within a system. In contrast to multispectral systems, the design of hyperspectral instruments is based on either an interferometer or a dispersive element such as a grating or prism. 3 Hyperspectral instruments, also known as imaging spectrometers, collect images at wavenumber resolutions more frequently encountered in the laboratory (, 20 cm 2 1 ).
INFRARED FOCAL-PLANE ARRAYS
Although it is possible to record spectral images with single-point detectors, array detectors greatly expedite image generation because they simultaneously measure light with multiple detector elements. IR array detectors [also known as IR focal-plane arrays (FPAs)] only recently have begun to be adopted outside the remote sensing and astronomical communities because of the greater availability and reduced costs of these devices. 4 This limitation is in contrast to the visible region, where the charge-coupled device (CCD) is a well-known, relatively inexpensive, and highly developed array technology. The ® rst efforts in IR array development concentrated on extending the response of CCDs, which cut off at ; 1.1 m m, to longer wavelengths either by modifying the silicon substrate or by using a different semiconducting material altogether. These efforts toward a monolithic silicon detector for the IR were not entirely successful and, in fact, a reliable and versatile array detector for the IR remained elusive until the development of the hybrid detector.
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FIG. 2. Schematic diagram of a focal-plane array (FPA). Two ''bump-bonded'' layers are shown. One layer performs photon detection, while the other carries out signal collection, multiplexing, and ampli cation.
The critical realization in the development of the hybrid detector was that photon detection and signal readout can be separated into two semiconductor layers. 4 As shown in Fig. 2 , the photon detection layer consists of tightly packed individual detectors fabricated on a substrate such as indium antimonide (InSb), mercury cadmium telluride (MCT), or doped silicon. The readout electronics are contained within the second layer, which is composed of silicon. Electrical contact between the two layers is effected by depositing a soft metal (usually indium) on the individual elements and then sandwiching the two layers togetherÐ a process known as``bump bonding'' . Each element in the photon detection layer is matched to a corresponding element in the readout layer. The resulting entity functions as a discrete detector within the array and is known as a picture element or pixel. Signals from the pixels are multiplexed into a serial data stream in the readout layer.
Several common types of array detectors are listed in Table I . The nominal operating temperatures, maturity of production, availability, and wavelength response ranges are included for each detector. Although not explicitly listed in Table I , FPAs typically have fast readout rates, which is important for real-time applications. Silicon is used both for CCD imagers ranging from the UV to near-infrared and as the substrate for the readout electronic layer in hybrid infrared arrays. InSb, MCT, and doped-silicon detectors are available commercially in a variety of sizes. InSb and MWIR MCT can be produced in sizes up to 640 3 480 pixels for imagers, but they are costly (. $100K). In addition, a limited number of 1024 3 1024 SWIR MCT and InSb arrays have been produced for astronomical applications.
Several array detectors are also available for operation in the longer wavelength regions. Extrinsic silicon arrays doped with arsenic and gallium are sensitive to ; 28 m m and ; 18 m m, respectively. One drawback of these detectors, however, is that they must be operated at temperatures lower than 20 K. At such low temperatures, it is a challenge to design and operate the cryogenic cooling and optical baf¯ing necessary to minimize the ambient photon¯ux. Although both the detection and readout layers are silicon based; the anticipated advantages in producing a fully monolithic array structure have never been realized. Instead, all high-quality examples of IR arrays are produced as hybrids with indium bump bonds.
MCT detectors provide another option beyond ; 10 m m, but highperformance arrays are custom made and very expensive. PbSnTe showed great promise as an array material for wavelengths to ; 14 m m; unfortunately, for various reasons, development was stopped about two decades ago. Given the present dif®culties with the practical development of long-wavelength MCT arrays, it may be time to take another look at PbSnTe.
A new type of array detector is a quantum well infrared photodetector (QWIP). 5, 6 The``QWIP chips'' are based on gallium aluminum arsenide (GaAlAs) superlattice structures grown by molecular beam epitaxial techniques. QWIP chips can be con-® gured for multispectral detection by stacking different bandgap superlattices and designing multi-channel readouts. Current arrays are 256 3 256 pixels in size, although 640 3 480 element devices are under development at the Jet Propulsion Laboratory (JPL). A disadvantage of these arrays for spectroscopy is their narrow bandwidth, which is ; 15± 35% of the center wavelength, although in principle this response may be centered anywhere in the mid-IR spectral region.
Another class of IR imaging detector is the microbolometer array. 7 These thermal detectors sense IR radiation by a minute temperature change rather than by creating charge carriers in a semiconductor, as in quantum-based detectors. Presently, these arrays are fabricated with as many as 320 3 240 pixels and are composed of a thin ® lm of vanadium oxide deposited on a micromachined silicon readout layer. These arrays are very sensitive thermo-resistive detectors and, unlike narrow-bandgap semiconductor devices, can operate at room temperature. 7, 8 Current sensitivity performance has been reported to be within a factor of 3 of cooled FPAs when used in conjunction with fast ( f/1) optics. This decrease in performance presently restricts the application of these devices somewhat, but since they are broad-band and are expected to be relatively low in cost, they may prove to be an attractive alternative for detectors in imaging spectrometers in the near future. Another discussion of IR arrays can be found in an article on solidstate detectors that appeared in a recent issue of Applied Spectroscopy. 9
REMOTE SENSING AND ASTRONOMY
Since hyperspectral imaging in the IR is capable of passively imaging chemical heterogeneity, it is ideally suited for a variety of remote sensing applications. Much of the current de-velopment in IR spectral remote sensing has focused on incorporating the latest advances in IR arrays; however, older technology based on single-point detectors is still viable because of their simple and reliable designs. Figure 3 depicts several basic con® gurations of satellite and airborne spectral imagers. 10, 11 Multispectral imaging systems, which were in routine use by the 1970s, are based on mechanically scanned optical components. When carried by a geostationary satellite, a mechanical scanner images the ground location point-by-point in a raster mode. On a nonstationary platform, a multispectral scanner images in a``whisk-broom'' pattern: in this con® guration, an image is recorded as a scan mirror sweeps a line on the ground perpendicular to the direction of motion. It is only necessary to mechanically scan along one axis, because the motion of the platform optically scans the other axis. In this manner, a continuous image swath is produced. The multispectral capability is achieved by the placement of individual discrete optical bandpass ® lters in front of the detectors.
A further development in remote sensing spectral imaging systems incorporates a series of individual detectors or a linear detector array in the``push-broom' ' con® guration, which eliminates the need for mechanical scanning. Like the whiskbroom, the push-broom design generates a continuous image strip along the motion of the platform, and spectral information is recorded with the use of discrete optical bandpass ® lters in front of the detectors. The push-broom con® guration may also be used to record hyperspectral data by dispersing the incoming radiation onto a two-dimensional (2D) array. The array then records spatial information along one axis and wavelength information along the other, gradually building up an image cube as the line is moved across the full area of the ground location.
Arrays can also be used in``fullstare'' or``step-stare'' modes. In the full-stare mode, the entire scene is imaged at once by the array, while focal point FIG. 3 . The three principal modes of data collection from a satellite or aircraft platform. Whisk broom: a single detector or small multispectral array is used to sweep out an area as the platform moves forward. In the focal-plane array, this is equivalent to a raster scan, gathering data by a pattern of horizontal mechanical scanning and ''vertical'' motion due to the platform velocity. Push broom: A linear or two-dimensional array of detectors sweeps out a continuous image strip with a width determined by the length of the array. Single wavelength or hyperspectral data are collected as the platform moves.
Stepstare: A staring, 2D array collects data over a large ground area in a step-stare pattern, while the line of sight of the sensor is momentarily stabilized during image capture.
in the step-stare, the image is formed in a mosaic by stepping the ® eld of view of the imager over a region of interest. In a moving platform, the imager line of sight is momentarily stabilized in order to compensate for any motion during the data acquisition. Optical bandpass ® lters are used to select a particular wavelength region.
Spectral images recorded by these remote sensing instruments contain a combination of re¯ected and emitted radiation and must be corrected for various environmental factors. The blackbody curves of the sun and earth, illustrated in Fig. 4 , demonstrate that the major contribution to spectral images at wavelengths shorter than 2.5 m m is the re¯ection and scattering of solar radiation by the atmosphere and surface of the earth. Beyond 3.5 m m, the radiation emitted from the earth becomes dominant, marking the onset of what is termed the thermal IR region. Raw spectral images of the earth's surface that are returned to the imager must also be corrected for the interactions that arise as the radiation propagates through the earth' s atmosphere. These types of contributions are accounted for with modeling programs such as LOWTRAN, MODTRAN, or FASCODE. 12, 13 Remote sensing observations are used in a myriad of applications, including the environmental sciences, geology, natural resource management, and agriculture. IR multispectral imagers are commonly used to perform these measurements. The National Oceanic and Atmospheric Administration (NOAA) operates various satellites that collect meteorological, hydrological, and oceanographic data. The most recent NOAA meteorological series is the Geostationary Operational Environmental Satellites (GOES). 10, 14 These satellites orbit at an altitude of 35 790 km and give a 24 h coverage to western continental North and South America as well as the Atlantic and Paci® c oceans.
The GOES-8 and -9 are the latest satellites and contain instruments that record spectral images using a FIG. 4 . Solar and earth radiance comparison. In bands that see to the earth's surface, the total spectral radiance from the earth is comprised mainly of re ected sunlight and thermal emission from the earth. This point is illustrated for the case of 5% re ected solar spectral radiance as a 5900 K black body and a 300 K earth with an emissivity of 0.5. These idealized plots do not include factors such as atmospheric transmission. Note that the crossover between relative contributions from the re ected solar and earth thermal radiance occurs at about 3.5 m m in this example. At longer wavelengths, the thermal IR region radiation from the 300 K earth dominates the total radiance. Table II . The applicability of the various spectral bands for six major sensing functions is marked as a primary (p) or secondary (s) capability. Full earth views from the GOES Imager IR bands are shown in Fig. 5 and illustrate images that are obtained over the different IR channels.
Another important series of NOAA satellites is comprised of the Polar Orbiters. NOAA-12 and -14 are the current operational environmental satellites that circle the globe in approximately 3 h at an altitude of 850 km. 15 The sun-synchronous orbits of NOAA-12 and -14 provide terrestrial views at constant sun angles on the earth. The IR spectral imager carried on these satellites is the advanced very high resolution radiometer (AVHRR). The AVHRR is a multispectral whisk-broom instrument containing optical bandpass ® lters, and is capable of 1.1 km spatial resolution per pixel. The AVHRR spectral bands are summarized in Table III. Since the NOAA-12 and -14 platforms orbit much closer to the earth than the GOES satellites, the AVHRR does not provide the full earth ® eld of view, but instead has four times better spatial resolution than the GOES imager. Figure 6 is a false color composite using one visible (0.58± 0.68 m m) and two IR spectral channels (0.725± 1.1 and 3.55± 3.93 m m) recorded by the AVHRR, which pinpoints the location of a forest ® re in the Northwest Territories. 16 Without data from systems such as the AVHRR spectral imager, forest ® res could be missed in the vastness of the Canadian North.
In another important application, remote sensing measurements can be used to map the mineral composition of locations on the earth. The Geophysical and Environmental Research Corporation (GER) operates an airborne imaging spectrometer for monitoring geological formations, agricultural regions, and other areas focal point of interest. The hyperspectral instrument is a combination push-broom step-scan system that covers the spectral range spanning the visible and NIR (0.4± 12.5 m m) with Si, InSb, and MCT linear array detectors. 10 Figure 7 shows a true color composite image of the Cuprite mining district, which was obtained by using three spectral channels in the red, green, and blue, as well as a corresponding mineral map, which was constructed from spectra recorded by the detector pixels in the NIR. 17 The map shows the distribution of hematite, kaolonite, and alunite in red, green, and blue, respectively. The spatial variations in the chemical composition in this scene are mapped by correlating speci® c spectral signatures from within the hyperspectral imaging data cube to laboratory reference spectra. It is also possible to carry out observations of geological formations in the thermal IR (. 3.5 m m), where the re¯ection and scattering of sunlight are minimized. Minerals such as silicates, carbonates, and sulfates have distinguishing features in the 8± 12 m m wavelength region. One instrument that covers this spectral region is the National Aeronautics and Space Administration (NASA) thermal infrared multispectral scanner (TIMS), an airborne multispectral instrument that operates by using the whisk-broom con® guration, covering six optical bands between 8.2 and 12.2 m m with the use of a series of MCT detectors. 18 Figure 8 shows an image obtained with the NASA TIMS system; it depicts part of the Kelso dune ® eld, located in the eastern Mojave Desert. The TIMS image has been processed in such a way that the emissivity properties of the minerals are expressed as color differences. 19 Microcline is shown in red, quartz in green, and oligoclase in blue. The spectral variations highlight potential mineralogical heterogeneities; such information can aid in the interpretation of the geological formation within the Kelso region. 19 Imaging with a combination of a narrow-band ® lter and an FPA has proven to be a valuable approach in astronomical ground-based measurements. The FPA has several advantages relative to raster techniques because complete images are recorded instantaneously and are therefore less sensitive to atmospheric¯uctuations and telescope positioning errors. Some of the most spectacular examples of narrow-band images were recorded during the impact of comet Shoemaker-Levy 9 with Jupiter in 1994. Figure 9 depicts several spectral images that were recorded at the NASA Infrared Telescope Facility at Mauna Kea with MIRAC2, a camera that incorporates a 128 3 128 hybrid Si:As array and optical bandpass ® lters.
The images were recorded with a 10.74 m m bandpass ® lter, corresponding to the vibrational frequency of the n 2 mode of gaseous NH 3 . The images were used to monitor the distribution of NH 3 gas in Jupiter's atmosphere from the time of the comet impact (July 18, 20, 21) until about two weeks afterward (Aug. 4± 6) . At ® rst, the images indicated an elevated concentration of stratospheric NH 3 gas over the impact sites. It has been suggested that a diminishing signal over the two weeks after impact is consistent with a slow rate of diffusion or photochemical degradation. 20
TERRESTRIAL AND MEDICAL APPLICATIONS
IR FPAs are also extremely well suited to a variety of terrestrial and medical applications as thermal and spectroscopic imagers. In particular, because they are designed with rapid readout circuitry, leading to performances at video frame rates or faster, they can be used for real-time imaging. Coupling these detectors with tunable dielectric ® lters, ® xed bandpass ® lters, or acousto-optic tunable ® lters 21± 23 enables the design of realtime spectroscopic imaging systems that may be ideally suited for a variety of applications in industrial process control. For example, Wienke and co-workers, working at the Catholic University of Nijmegen in the Netherlands, have described a multispectral system that can image and separate household plastic waste from nonplastic materials. 24 Their approach is based on re¯ectance imaging in the SWIR between 1 and 2.5 m m, a region where the spectra of plastics can be distinguished from those of nonplastics. In operation, the samples are irradiated with two SWIR sources and imaged onto a 64 3 64 InSb focal-plane array. The detected spectral range is discretely varied between 1 and 2.5 m m, with the use of a ® lter-wheel assembly. Since the sample size and orientation vary in a real-time process control application, the authors paid particular attention to the optical con® guration. In addition, they applied a number of chemometric data processing schemes to the resulting images in order to achieve the necessary discrimination. More recently, they have also developed an infrared tomographic technique in which the sample is investigated in its three spatial dimensions. 25 This approach is being developed for noninvasive remote tomographic imaging. The authors also were able to demonstrate the capability of the technique to view objects``hidden' ' inside visually opaque materials.
We also envisage the application of real-time IR remote sensing and spectroscopic imaging as a powerful clinical diagnostic and for use during surgical procedures. For example, Lodder and co-workers have used an InSb FPA in conjunction with IR light sources to spectrometrically image human carotid arteries in focal point vivo. 26, 27 The technique involves operating an NIR camera (InSb or PtSi) and a Si CCD side by side to image human carotid arteries. The number of NIR wavelengths obtained for each spectrum is dependent on the time available before the vessel is prepared for an endarterectomy, which involves the excision of occluding material in the arteries. While this NIR imaging method has demonstrated the ability to provide spatially resolved analysis of lipids and proteins in human subjects, and may aid in the clinical investigation of stroke and atherosclerosis, its potential utility in other clinical applications may be easily anticipated.
In many satellite imaging applications, the use of IR wavelengths enables the visualization of objects that may otherwise be obscured by highly scattering, strongly absorbing, or otherwise visibly opaque objects.
In this way IR imaging``sees' ' through these objects, revealing the underlying structure. This advantage also has been exploited by art conservators for the examination of paintings. In these applications, IR spectral imaging has been used to uncover features in paintings that are not apparent in visible light. It is found that the region between 1 and 3 m m is optimal for penetrating paint and varnish, and thus SWIR imaging can reveal materials that strongly absorb in this spectral region, such as ink and charcoal. This approach is used for visualization of the artist's preliminary sketches and, to a lesser extent, for identi® cation of the chemical composition of the paint and varnish.
Conservators at the National Gallery of Art in Washington, D.C., have devised a SWIR spectral imaging system that is used to cata-logue the paintings in the museum collection. 28 In a typical arrangement, an IR source is placed in front of a painting, and SWIR images are obtained by placing a bandpass ® lter in front of a solid-state PtSi camera. A painting by John Singleton Copley entitled Watson and the Shark is depicted in the top part of Fig. 10 . A re¯ectance image (1.5 to 2 m m) of the area bounded by the white rectangle is shown in the bottom part of Fig. 10 . In the spectral image, a ® gure of a young man emerges from that of the elderly boatswain. Infrared spectroscopic imaging can be used to explore questions about the individual artistic expression, thus aiding in the interpretation and conservation of an artistic work.
An interesting and powerful class of hyperspectral IR imaging systems results from the combination of a Fourier transform (FT) spectrometer and an FPA. The FT/FPA system can be used for applications in the laboratory as well as in ground-based remote sensing. In this scheme, the modulation of the source or signal by the interferometer is synchronized with image collection on the FPA. In operation, a series of images is collected as a function of interferometer optical path difference. The spectral images are then converted to the frequency domain by performing a fast Fourier transform on the modulated signal for each pixel. In this manner, FT-IR spectra are recorded for every spatial location in the image plane in parallel. This type of hyperspectral approach results in a highly detailed spatial and spectral characterization of the object under investigation. For FT-IR spectroscopy, the frequency precision, high spectral resolution, throughput, and multiplex advantages of interferometers over dispersive instruments are well known. FT-IR spectroscopic imaging inherits all these attributes while simultaneously achieving the multichannel advantage of array detection. The development of these FT-IR imaging systems is opening a wealth of new applications in the medical and chemical sciences. One system, developed at the National Institutes of Health, consists of an infrared microscope combined with an FT-IR/FPA assembly. 29± 31 With the use of this apparatus, microscopic samples can be examined with high spectral resolution and with spatial resolutions approaching the diffraction limit. Although the system can be con® gured to collect transmission or re¯ectance spectra, the introduction of FPAs to IR microspectroscopic imaging is relatively new, and almost all the work carried out thus far has been in transmission. Working in transmission places constraints on the types of systems that can be examined; for example, sample thicknesses are constrained to be between ; 5 and 30 m m.
In a typical transmission experiment, the intensity of the IR source is modulated by the interferometer before it enters the optical train of the microscope. This modulated IR radiation is focused onto the sample with a Cassegrainian condenser, collected by a Cassegrainian objective, and imaged onto a focal-plane array. One or more optical ® lters housed within the FPA dewar can be used to reduce the optical bandwidth of the instrument. This capability results in increased signal-to-noise ratios and removes spectral artifacts from aliasing when the interferogram is undersampled.
The spatial resolution depends on the optical con® guration and varies with spectral range: for detection with the InSb FPA the spatial resolution is ; 7 m m, whereas for MCT detection this value increases to ; 11 m m. No matter what detector is used, focal point FIG. 11 . Macroscopic and microscopic images of a 10 m m mouse brain section showing spatial differences in the lipid and protein components, constructed from their respective IR absorbance bands. The box in left panel shows the location of tissue that is imaged in the right panel.
the magni® cation is chosen so that two pixels sample one resolution element, conforming to the Nyquist sampling criterion.
In a manner similar to conventional FT-IR spectroscopy, the spectral resolution is determined only by the total optical retardation of the interferometer. Although it is possible to record data sets with spectral resolutions of 4 cm 2 1 or higher, for reasons of practicality the devices are usually operated with a nominal spectral resolution of 16 cm 2 1 .
A fundamental element in implementing spectroscopic imaging using an interferometer is the acquisition and readout of image planes at ® xed and equally spaced increments of the optical path difference. One solution is to operate the interferometer in a step-scan mode. At each interferometer position, a digital pulse triggers the collection of a series of image planes by the focal-plane array. A typical commercial FPA can collect, read out, and average as many as 128 image planes per second, although the upper limit is in part determined by the A/D conversion rate. Each image represents the intensities measured by the individual array elements at a speci® c value of the optical path difference. The array detector elements act like parallel sin-gle-point detectors; thus thousands of interferograms are recorded for each complete scan of the interferometer. The images are cross sections along the block of interferograms that are recorded during a scan.
Once the images are stored, the data are converted to the frequency domain. For a typical 128 3 128 FPA array this requires performing 16 384 FFTs, one for each pixel. The data block then consists of a stack of image planes as a function of frequency; the individual images correspond to a frequency interval determined by the spectral resolution. These calculations can take several minutes of CPU time on a typical personal computer, and the resulting data sets can vary from 4 to 100 MBytes for the same spectral resolution, depending on the array size and frequency range. Images are usually converted to absorbance in a manner consistent with methods used in conventional FT-IR spectroscopy, with the resulting variations in intensity at speci® c image planes corresponding directly to spatial variations in the chemical composition of the sample. Detailed information can be obtained by simply accessing the spectrum associated with an individual pixel.
This type of IR microspectroscopic imaging may prove to be a powerful adjunct to conventional analytical and imaging techniques in the medical sciences. For example, while contrast in MRI images is determined by differences in the NMR spectrum of the sample components, contrast in IR spectroscopic imaging is determined by differences in the vibrational spectral response. In the simplest example, the application of IR microspectroscopic imaging in histology produces chemically spe-ci® c contrast in tissue sections without the use of¯uorescent tags or stains. A more dif® cult challenge is the identi® cation and visualization of diseased tissue. Differences in the intrinsic biochemical composition and organization of such tissue will exhibit correspondingly different midinfrared spectra. 32 At NIH, work has begun on spectroscopically imaging the effects of the neurodegenerative genetic disease Niemann± Pick C (NPC) in intact brain sections of transgenic mice that express this human disease. 33 It is hoped that the results will lead to an understanding of the localization and changes in the distribution of cellular components resulting from this pathology.
Preliminary results from the NPC studies were generated by spectroscopically imaging 10 m m thick sections of intact brains taken from both diseased and healthy mice. Figure  11A shows an image of a horizontal section from the entire brain (approximately 14 mm across) of a NPC mouse recorded with a 256 3 256 mercury cadmium telluride array with spectral sensitivity from 900 to 3500 cm 2 1 . It depicts the spatial variation in the lipid and protein components; bright areas in the image are lipid rich, while dark areas are richer in protein. It is also possible to easily identify a number of anatomical structures, such as the cortex and cerebellum. This macroscopic image was obtained by bypassing the microscope and using the optical side port of the interferometer to direct light onto the sample. With this con® guration, the ® eld of view is easily adjusted to match the size of the sample. Survey scans of whole mouse brains can be recorded, and regions of interest identi® ed. If desired, these areas can then be examined microscopically. Figure 11B shows an IR spectroscopic image recorded with the microscope (600 m m ® eld of view) from the same section by focusing on a small region located in the mouse cerebellum. The spatial location for this image is indicated by the bounding box visible in Fig. 11A . In contrast, the data in Fig. 11B were collected with a 128 3 128 InSb array and only contain spectral information from 1975 to 3950 cm 2 1 .
In another experiment, a 5 m m thick tissue sample was obtained from a biopsy taken from a patient who had a silicone gel-® lled prosthetic device. 34 The sample was embedded in paraf® n and then rinsed with xylene. The sample was visualized with the use of an InSb FPA in the range 1975 to 3950 cm 2 1 at 16 cm 2 1 spectral resolution, and the resulting data set contains 256 frequency-resolved image planes. Figures 12B and 12 C correspond to images at 2927 and 3350 cm 2 1 and indicate the spatial variation in the lipid and protein fractions, respectively. Since silicone does not absorb in these spectral regions, the inclusions appear dark. By contrast, Fig.  12A is the image extracted at 2963 cm 2 1 , a frequency characteristic of the methyl-Si stretching vibration, and highlights the spatial distribution of the silicone gel that has bled into the surrounding breast tissue. The box in Fig. 12A identi® es a single 10 m m domain of the silicone gel. From this example, it is clear that individual image planes recorded over narrow frequency intervals can be used to highlight dramatic spatial variations in chemical composition.
It should be noted that all the data sets recorded by this FT/FPA con® guration are also obtained as a series of spatially resolved FT-IR spectra. The FT-IR spectrum associated with a speci® c spatial location in the sample is obtained by simply plotting the spectral response of its associated pixel. As an example, Fig. 13A shows a spectrum extracted from a single pixel within one of the inclusions and represents a 3 m m 3 3 m m portion of the sample. This spectrum con® rms the chemical identity of the inclusion as silicone gel. In contrast, Fig. 13B shows an absorption spectrum extracted from the surrounding breast tissue. This IR spectral re-sponse is characteristic of biological tissue and shows absorption bands associated with both lipid and protein CH and NH stretching modes, respectively. IR spectra are available for every one of the 16 384 pixels in the data set. Curt Marcott and his coworkers at the Procter and Gamble Company are also pioneering similar IR imaging approaches for industrial applications.
In another example, Bennett and co-workers at Lawrence Livermore National Laboratories have used the FT/FPA system for land-based remote sensing and for studying gasphase systems. 35 In operation, IR emission from a sample is collected with telescope optics, modulated in a Michelson interferometer, and imaged onto an FPA. As discussed previously, the resulting hyperspectral data cube consists of two spatial axes and a third axis corresponding to IR focal point frequency. In a series of ® eld experiments, mixtures of SF 6 and NH 3 were released and detected with this system. Image planes that correspond to absorption bands associated with these gases delineate the spatial variations in the vapor plume, whereas an image plane corresponding to the spectral background does not. Similarly, each pixel contains a spectrum corresponding to a localized region in the vapor plume. This method represents a promising approach for a number of chemical remote sensing problems.
CONCLUSION
Throughout this paper we have attempted to demonstrate the broad applicability and versatility of IR spectroscopic imaging in many disciplines and over enormous variations in physical scale. It is a powerful tool for chemical analysis because it simultaneously reveals the type, distribution, and relative abundances of chemical components within a particular system. We have shown how the technique can be used to remotely sense and map mineral deposits over scales spanning kilometers and to identify and characterize foreign inclusions in human tissue on the order of several micrometers. However, with the advent of high-spectralresolution laboratory-based IR imaging systems, it is possible to obtain much more than chemical and spatial information from a single hyperspectral data set. A single IR spectrum also contains information about the molecular structure and intermolecular interactions among the individual sample components and, more recently, has been correlated with the biochemistry of disease in biological tissue. As a result, the effective analyses of these data sets is much more complex than simply extracting single image planes or examining individual spatially resolved spectra. The future of hyperspectral imaging is inextricably tied to the utilization and concomitant development of more powerful multivariate data reduction techniques. These processing methods will simultaneously manipulate and interpret both the spatial and spectral information and will draw on chemometric methods already employed in conventional molecular spectroscopy. A description of the use of these multivariate data processing techniques in FT-IR spectroscopic imaging will be the focus of a forthcoming article.
